To investigate the possible role of the superoxide radical and its scavenging system in the human endometrium, the immunohistochemical distribution of superoxide dismutase (SOD), activities of SOD and lipid peroxide concentrations were studied in the human endometrium throughout the menstrual cycle and in early pregnancy. The endometrial epithelium showed a positive immunostaining for Cu^Zn-SOD and Mn-SOD throughout the entire menstrual cycle and hi early pregnancy. In the stroma, weak immunostaining for Cu,Zn-SOD and moderate immunostaining for Mn-SOD were observed in the predecidual cells in the late secretory phase. Deddual cells in early pregnancy showed strong immunostaining for Cu^Zn-SOD and Mn-SOD. Total SOD activity in the endometrium increased from early proliferative phase to mid-late proliferative phase and further increased in the mid-secretory phase, and decreased in the late secretory phase. The total SOD activity in the endometrium of early pregnancy was the same level as that in the mid-secretory phase. Cu^n-SOD and Mn-SOD activities changed in a similar manner to total SOD activity throughout the menstrual cycle and in early pregnancy. Lipid peroxide concentration in the endometrium increased from early proliferative phase to mid-late proliferative phase and further increased in the late secretory phase. However, lipid peroxide concentration in the endometrium of early pregnancy was the same as that in the midsecretory phase. These results suggested that the superoxide radical and its scavenging system may play an important role in the regulation of human endometrial function.
Introduction
It is well known that superoxide radicals cause tissue damage, while superoxide dismutase (SOD) works protectively by scavenging superoxide radicals. Recent evidence has shown that the superoxide radical and its scavenging system play © European Society for Human Reproduction and Embryology an important role in reproductive function (Riley and Behrman, 1991) . We have reported that corpus luteum function is affected by both the decline in blood flow in the ovary, and the number of phagocytic leukocytes through the generation of superoxide radicals (Sugino et al, 1993a (Sugino et al, , 1996 Sugino and Kato, 1994) , and that SOD might play an important role in progesterone production by corpus luteum in rats (Sugino et al, 1993b; Shimamura et al, 1995) . It is of interest to note that the changes in blood flow also occur in the endometrium during the menstrual cycle (Goswamy and Steptoe, 1988; Steer et al., 1990; Economos et al., 1992) , and that a significant number of phagocytic leukocytes are distributed in the human endometrium and decidua (Buhner and Johnson, 1984; Kabawat et al., 1985; Kamat and Isaacson, 1987; Klentzeris et al, 1992) . In fact, superoxide radicals have been detected in the human endometrium by electron spin resonance (Benedetto et al, 1981) . It has also been demonstrated by immunohistochemistry that Cu,Zn-SOD, which is mainly in the cytosol, is present in the human endometrium and increases during the pre-and peri-implantation periods (Narimoto et al, 1990) . It therefore seems that the superoxide radical and its scavenging system play an important role in human endometrial function.
In the present study, the possible role of the superoxide radical and its scavenging system in the human endometrium was investigated by examining the changes in SOD and lipid peroxides, products of superoxide radicals, in the human endometrium throughout the menstrual cycle and in early pregnancy.
Materials and methods

Tissue samples
Samples of endometria were obtained from (1) patients undergoing hysterectomy for benign reasons, (2) women being investigated for infertility during curettage for endometrial dating, and (3) women undergoing surgical abortion (ages of patients 22-49 years old). Endometrial samples were classified into six different groups according to the criteria of Noyes et al (1950) : early proliferative phase (days 4-7; n = 11), mid-to late proliferative phase (days 8-14; n = 12), early secretory phase (days 15-18; n = 10), midsecretory phase (days 19-23; n = 15) and late secretory phase (days 24-28; n = 7). Samples of gestational endometria were obtained from eight women (6-8 weeks of gestation). Informed consent from the patient was obtained before collection of any tissue samples for this study. Tissue samples were washed with saline to remove blood. All tissue samples were stored at -70°C until the SOD activity assay and lipid peroxide assay. Immunohistochemical staining for Cu,Zn-SOD and Mn-SOD in the human endometrium in the mid-proliferative phase (A, B, C) and mid-secretory phase (D, E, F). Immunohistochemistry was performed using anti-human Cu,Zn-SOD and Mn-SOD monoclonal antibodies (1:50 dilution) and normal mouse serum at the same concentration as a control. Representative results from mid-proliferative phase and mid-secretory phase were shown, because the endometria from early proliferative phase to mid-secretory phase showed the same immunohistochemical findings. Consistent results were obtained from four samples. A and D for Cu,Zn-SOD. B and E for Mn-SOD. C and F for negative control. Original magnification X150.
Immunohistochemistry
Immunohistochemical staining was performed on two to four tissue samples from each of six stages of the menstrual cycle and early pregnancy. The endometrial tissues were fixed in Carnoy solution, and embedded in paraffin and sectioned (8 Jim thick). The tissue sections were deparaffinized in xylene and dehydrated in a graded series of ethanol. Immunohistochemistry was performed with a streptavidin-biotin-peroxidase complex method (SAB-PO kit Nichirei Co. Ltd., Tokyo, Japan) using mouse anti-human Cu,Zn-SOD and Mn-SOD monoclonal antibodies (a generous gift from Dr T. Uda, Hiroshima Prefecture! University, Hiroshima, Japan). After inhibition of endogenous peroxidase activity with 0.3% H2O2 for 50 min, the sections were incubated with 10% normal rabbit serum for 10 min at room temperature to minimize non-specific binding. The sections were incubated with primary antibody, at a dilution of 1:50 in phosphate buffer saline (PBS) overnight at 4°C. After three washes with PBS for 5 min each, the sections were incubated with biotinylated rabbit anti-mouse immunoglobulin for 10 min at room temperature, washed three times with PBS for 5 min each, and reacted with peroxidase-conjugated streptavidin for 5 min at room temperature. Peroxidase activity was visualized by incubating the sections with 3,3'-diaminobenzidine°4HCl (Nakarai Co. Ltd, Tokyo, Japan) in 0.05 M Tris-HCl buffer (pH 7.6) containing 0.01% H2O2 for 2-3 min. Control sections SOD in human endometrium were incubated with normal mouse serum or PBS, or by omitting the primary antibody. Counterstaining was performed with Meyer's haematoxylin. The histological sections were estimated by three observers.
SOD assay
Total SOD activity and Mn-SOD activity in the endometrium were measured as reported previously (Sugino et al., 1993b) , based on the nitrite method of Oyanagj (1984) . The amount of protein required for 50% inhibition was defined as one unit (Nitrite Unit; NU) of SOD activity. All data were expressed in NU of SOD activity per mg of protein. Protein concentration was determined by the method reported by Lowry et al (1951) . CoZn-SOD activity was determined by subtracting Mn-SOD activity from the total SOD activity. The intra-and inter-assay coefficients of variation were 3.8 and 9.69fc for the total SOD assay, and 4.7 and 6.4% for the Mn-SOD assay respectively...
lipid peroxide assay
Concentrations of lipid peroxide in the endometrium were measured as reported previously (Sugino et al., 1993b) , based on the thiobarbituric acid method of Ohkawa et al. (1979) . The results were expressed as nmol of malondialdehyde (MDA) per g wet weight of tissue.
Statistical analysis
Data were examined by analysis of variance and Duncan's new multiple range test Differences were considered to be significant if P < 0.05. 
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Results
Figures 1, 2 and 3 show the tissue localization of Cu^Zn-SOD and Mn-SOD in the endometrium throughout the menstrual cycle and in early pregnancy. The epithelial cells showed a positive immunostaining for Cu,Zn-SOD and Mn-SOD in the endometrium throughout the entire menstrual cycle (Figures  1, 2 ) and in early pregnancy (Figure 3 ). In the stromal cells, weak Cu,Zn-SOD and moderate Mn-SOD immunostaining were observed in those cells which were large and round with clear nuclei and abundant cytoplasm, identifying them morphologically as decidual cells or predecidual cells, in the late secretory phase (Figure 2 ), but no immunostaining was observed in the stromal cells from early proliferarive phase to mid-secretory phase (Figure 1 ). Decidual cells in early preg- nancy showed strong immunostaining for Cu,Zn-SOD and Mn-SOD (Figure 3 ). These observations are summarized in Table I . Total SOD activity in the endometrium increased from early proliferative phase to mid-late proUferative phase, and further increased in the mid-secretory phase, and decreased in the late secretory phase ( Figure 4A ). Total SOD activity in the endometrium of early pregnancy was the same as that in the mid-secretory phase ( Figure 4A ). Cu,Zn-SOD and Mn-SOD activities also showed the maximum values at the mid-secretory phase, decreased at the late secretory phase, and increased in early pregnancy ( Figure 4B, C) . Lipid peroxide concentration in the endometrium increased from early proliferative phase to mid-late proUferative phase and further increased significantly (P < 0.05) in the late secretory phase ( Figure 5 ). However, Upid peroxide concentration in the endometrium of early pregnancy was the same level as that of the mid-secretory phase ( Figure 5 ).
Discussion
The present study indicated that SOD activity in the endometrial epitheUum was the highest in the mid-secretory phase, that is the peri-implantation period. It has been reported that superoxide radicals are detrimental to embryonic development (Legge and Sellens, 1991) , and Noda et al. (1989 Noda et al. ( , 1991 demonstrated a marked increase in the rate of blastocyst formation in medium containing SOD. SOD activity was demonstrated in the fluids recovered from the human uterine cavity during pre-and peri-implantation periods (Narimoto et al, 1990) . It has also been reported that the human endosalpinx shows strong immunoreactivity of SOD during the peri-implantation period (Narimoto et al, 1991) and that SOD activity in the oviduct fluid is significantly higher than that in the serum (Noda et al, 1989) . SOD in the endometrial epitheUum may thus protect blastocysts from damage by superoxide radicals, allowing them to implant successfully.
In contrast, SOD activity was low and Upid peroxide concentration was highest in the endometrium in the late secretory phase. Several possible mechanisms include role of endometrial blood flow or by phagocytic leukocytes. The decline in blood flow in the endometrium in the late secretory phase (Goswamy and Steptoe, 1988; Steer et al, 1990; Economos et al, 1992 ) may be responsible for the increase in Figure 4 . SOD activities in the endometrium throughout the menstrual cycle and in early pregnancy. Samples were obtained from early proliferative phase (days 4-7; n = 11), mid-to late proliferative phase (days 8-14; n = 12), early secretory phase (days 15-18; n -10), mid-secretory phase (days 19-23; n = 15), late secretory phase (days 24-28; n = 7) and early pregnancy (6-8 weeks of gestation; n = 8). Total SOD activity (A), Cu^Zn-SOD activity (B) and Mn-SOD activity (C). Values are mean ± SEM. *P < 0.01 compared with c, b P < 0.05 compared with a, d P < 0.01 compared with b, e P < 0.05 compared with c. superoxide radical production and the decrease in SOD activity by the same mechanism as ischaemia-reperfusion injury (McCord, 1985; Yoshikawa et at, 1989; Sugino et al., 1993a; Sugino and Kato, 1994) . In addition, an increase in infiltration of phagocytic leukocytes has been observed in the late secretory endometrium (Kamat and Isaacson, 1987; Klentzeris et al, 1992) . We have reported that progesterone inhibits superoxide radical production by mononuclear phagocytes (Sugino et al, 1996) . The decline in serum progesterone in the late secretory phase may cause an increase in superoxide radical production by phagocytic leukocytes in the endometrium. The production of hydrogen peroxide by phagocytic leukocytes may also be concomitantly increased following the decline in serum progesterone (Fantone and Ward, 1982) , which in turn may inhibit the activity of SOD (Hodgson and Fridovich, 1975) . It is therefore suggested that the increase in lipid peroxide and the decrease in SOD activity may contribute to the shedding of the endometrium by causing tissue damage.
It is of interest to note that lipid peroxides stimulate synthesis of prostaglandin F2a (PGF2a) (Hemler et al, 1979; Hemler and Lands, 1980) . The increase in lipid peroxides prior to menstruation may be involved in uterine contraction by stimulating PGF2a synthesis in the endometrium. Ishihara et al. (1986) reported an increase in PGF2oc concentrations in the endometrium in the late secretory phase. In the endometrium of early pregnancy, SOD activity was significantly higher and lipid peroxide level was significantly lower than those in the late secretory endometrium. This might be due to the high progesterone levels and high endometrial blood flow and appears to be compatible with the maintenance of pregnancy. Also, strong Cu,Zn-SOD expression was observed in the decidual cells in early pregnancy compared with predecidual cells in the late secretory phase. In our unpublished data, Cu,Zn-SOD activity in the corpus luteum in rats bearing a single conceptus was significantly lower than that in rats bearing a full complement of conceptuses, suggesting the role of placenta! luteotrophins in the regulation of CuJZn-SOD activity. Since human chorionic gonadotrophin (HCG) receptor gene expression has been demonstrated in human endometrium (Lin et al, 1994) and since a direct effect of HCG on decidualization of human endometrial stromal cells has also been observed (Tang and Gurpide, 1993) , HCG may play an important role in Cu^Zn-SOD expression in decidual cells. However, further studies are needed regarding the role of chorionic gonadotrophin in Cu,Zn-SOD expression in decidual cells.
It is of interest that a strong Mn-SOD expression was observed in the stromal cells undergoing decidualization. Decidual cells and predecidual cells produce tumour necrosis factor (TNF) (Tabibzadeh, 1991; Hunt et al, 1992) . Macrophages are increased in number in the late secretory or gestational endometria (Kamat and Isaacson, 1987; Klentzeris et al, 1992) and also produce TNF. TNF has been reported to damage cells through superoxide radical production (Zimmerman et al, 1989; Sakashita et al., 1994) . Interestingly, it is reported that TNF-resistant cells produce Mn-SOD to protect themselves from the cytotoxicity of TNF (Wong and Goeddel, 1988; Zimmerman et al, 1989) . Therefore, predecidual cells or decidual cells may protect their function from TNF by inducing Mn-SOD activity.
In conclusion, the present study suggests that the superoxide radical and its scavenging system plays an important role in the proliferation and differentiation of the endometrium, implantation, and maintenance of pregnancy.
